Abstract: A "reactive coupling" process for one-pot transesterification of rapeseed oil into fatty acid methyl esters (FAME) for biodiesel, and in situ acetalisation of the glycerol by-product to solketal was investigated by both an experimental and a kinetic modelling approach. The aim was to develop a process with a more valuable co-products than glycerol, and to minimise glycerol production. The results showed that a one-stage reactive coupling achieved a solketal yield of 39.5 ± 5.1% and FAME yield of 99% after 8 h at 10:7:1 of methanol: acetone: oil molar ratio. However, based on these results and the predictions of the kinetic model developed, a "two-stage" reactive coupling process was investigated, in which some of the acetone was added later in the process. The two-stage process was demonstrated to achieve up to 98 ± 0.5% FAME and 82 ± 4% solketal yields under the same operating conditions.
Introduction
Let F denote a eld and let V denote a vector space over F with nite positive pair A, A * of diagonalizable F-linear maps on V, each of which acts on an eigenba irreducible tridiagonal fashion. Such a pair is called a Leonard pair (see [13, De ni A, A * is said to be self-dual whenever there exists an automorphism of the endom swaps A and A * . In this case such an automorphism is unique, and called the dua
The literature contains many examples of self-dual Leonard pairs. For instance ated with an irreducible module for the Terwilliger algebra of the hypercube (see [4 Leonard pair of Krawtchouk type (see [10, De nition 6.1]); (iii) the Leonard pair asso module for the Terwilliger algebra of a distance-regular graph that has a spin mode bra (see [1, Theorem] , [3, Theorems 4.1, 5.5]); (iv) an appropriately normalized tot (see [11, Lemma 14.8] ); (v) the Leonard pair consisting of any two of a modular Leo De nition 1.4]); (vi) the Leonard pair consisting of a pair of opposite generators f bra, acting on an evaluation module (see [5, Proposition 9.2 
]). The example (i) is a examples (iii), (iv) are special cases of (v).
Let A, A * denote a Leonard pair on V. We can determine whether A, A * is self- is a standard ordering of the eigenvalues of A * (see [7, Proposition 8.7] ).
its oversupply, significantly reducing the glycerol price [2] . Glycerol production is reported to have increased from 200,000 te in 2003, to over 2 Mte in 2011, and this is predicted to rise to over 6 Mte by 2025 [3] . One way to improve the economics of biodiesel production is to convert the glycerol into valuable products. Indeed, many alternatives have been suggested to utilize glycerol in many fields such as, animal food, drugs, cosmetics, tobacco, fuel additives, waste treatment and production of different chemicals [4] [5] [6] . Previous studies have shown that glycerol can be converted to many valuable chemicals such as 1,3-propanediol [7] , citric acid [8] , polyhydroxyalkanoates (PHA) [9] , glycerol carbonate [10] , glycerol ethers [11] , fuel extender [12] and solketal [13] . Solketal production is one of the most economical and promising ways of utilising glycerol. The process involves reacting the glycerol with acetone in the presence of an acid catalyst [13] . The reaction of acetone and glycerol to produce solketal is shown in Figure 1 . Solketal is a valuable product used in the pharmaceutical industry and as a plasticizer in the polymer industry [14] . Another important future use is as an additive to improve biodiesel's fuel properties by reducing its viscosity and improving fuel stability [15, 16] .
Although glycerol from the biodiesel process can be converted to valuable chemicals, glycerol recovery and upgrading requires various separation and purification steps. A previous study has shown that acetone can be used as a co-solvent in biodiesel production, to increase alcohol and oil miscibility [17] . However, the acetone must be separated from the final product [18] , which increases costs. Applications of integrated process, such as reactive distillation [19] and reactive coupling [20] , could be less expensive than conventional reaction for biodiesel production, and this technique could lead to reduction in the required equipment and energy. Solketal co-production through reactive coupling of triacetin transesterification with condensation of the glycerol by-product with acetone has been demonstrated in a recent study [20] . Although triacetin, a short chain triglyceride, was used, the study suggests that this could be of potential application to the long-chain (typically C14-C20) fatty acids found in naturally occurring vegetable oils. It is envisaged that a modification of the biodiesel processing method, via in situ reactive coupling of glycerol condensation with acetone during triglyceride transesterification, could be applied to produce biodiesel and solketal, greatly reducing the glycerol production in biodiesel plants. In situ reactive coupling of glycerol by-product and acetone will changes the reaction rates and reaction equilibrium, and might be hoped to reduce the methanol recycling requirement.
Materials and methods

Materials
Anhydrous methanol (99.8% purity), 2,2-dimethyl 1,3-dioxalane-4-methanol (solketal) (99% purity), acetone (98% purity), 4-Dodecylbenzenesulfonic acid (DBSA) (98% purity), 2-propanol (99% purity), methyl heptadecanaote (99% purity), glycerol (99% purity), triethylamine (99% purity) and high-purity grade silica gel (Davisil Grade 635, pore size 60 Å, 60-100 mesh) were purchased from Sigma-Aldrich. The rapeseed oil (RSO) used was supplied from Henry Colbeck Ltd, UK.
Experimental methods
The process parameters for the coupling of glycerol transformation to solketal into biodiesel production reactions were investigated using a Design of Experiment statistics (DoE) at methanol to oil molar ratio of 10:1, 0.5 mole of DBSA catalyst per mole of the oil, acetone to oil molar ratio between 2:1-10:1, reaction times of 1-4 h and 0-100 wt% of silica gel as a dehydrating agent. Silica gel was added into the reaction mixture to remove reactively-formed water from the system, because of the thermodynamic equilibrium limitations in conversions of glycerol to solketal, due to the productions of water as a by-product [21] . The silica gel was activated by drying in a vacuum oven (OV-11/12) at 120°C for 24 h before use. The reactions were performed at a constant reaction temperature of 50°C, in a three-necked 250 mL batch reactor equipped with a heater-stirrer and ports for connections to a condenser, sampling port, and feed input/temperature probe.
A condenser was used to prevent acetone evaporation, and the entire system was sealed before starting the experiment. The acetone, methanol, RSO and catalyst were preheated in reservoirs inside hot water bath before they were transferred into the reaction vessel. The required amounts of acetone, methanol, RSO and silica gel were transferred into the batch reactor, and heated to the reaction temperature. This was followed by additions of the required amount of an acid catalyst. An organosulphonic acid (DBSA) was selected as the catalyst for this process because of its surfactant-like nature, high rate of reaction, and low corrosivity compared to mineral acid catalysts [22] . A preliminary investigation of the reaction showed that mixing speeds of 800 rpm or more were necessary to ensure that the reaction is masstransfer independent. The reactants were mixed vigorously at 800 rpm and the reaction temperature of 50°C. Samples were collected for analysis at various time intervals, from 1-240 min. Minitab 17 statistical software (box Behnken design), with stepwise methodology, was applied to analyse the experimental results. Statistical models that describe the FAME and solketal yields (responses) were obtained from the experimental data analysis, as a function of the process variables.
A two-stage process for conversions of the RSO to FAME and solketal was also performed, by addition of acetone after the reaction has attained high RSO to FAME and glycerol conversions, in an attempt to compare with the one-stage process, and to maximise the glycerol to solketal conversions. The two-stage experiments consisted of an initial RSO transesterification at 10:1 methanol to oil molar ratio, 50°C temperature, 0.5:1 of catalyst to oil molar ratio, and reaction time of 4 h, followed by in situ acetalisation of the produced glycerol by addition of acetone at 4:1 acetone to RSO molar ratio and reacting for 4 h in the second step. The RSO transesterification in the first step was left to reach high FAME yields (near complete conversion), so that there could be high glycerol content in the reaction medium to increase the rate of acetalisation in the second step.
Sample analysis
All the samples collected were quenched with triethylamine immediately. Approximately 100-200 mg of each sample was weighed into a 2 mL of gas chromatography (GC) vials, and 1 mL of 10 gm/mL of methyl heptadecanoate (C 17 ) prepared in 2-propanol was added to samples and the mixtures homogenised. The C 17 was prepared by dissolving of 1000 mg of methyl heptadecanaote in a 100 mL of 2-propanol. A 5890 series Hewlett Packard gas chromatograph (GC) was used to analyse the prepared samples. The GC was equipped with a capillary column with dimensions of 30 m length, 0.32 mm inner diameter and 0.25 μm film thickness. The GC oven temperatures were programmed at: initial temperature of 60°C held for 4 min, followed by temperature ramp from 60°C to 250°C at a rate of 15°C/min, and held for 7 min. The analytes were calculated from their peak areas referenced against the internal standard. FAME contents in the samples were quantified using the BS EN 14103:2003 [23] , whereas the solketal was quantified using calibration data obtained from the response factors of the solutions of solketal and the methyl heptadecanoate standard prepared in a 2-propanol. A solketal response factor against the methyl heptadecanoate standard was determined as 0.43. The conversions of FAME and solketal were calculated using Eq. 1 and Eq. 2, respectively.
=
Mass of FAME in the sample
Maximum theoretical mass of FAME FAME yield (%) * 100 (1)
=
Mass of solketal in the sample Maximum theoretical mass of solketal
Solketal yield (%) *100
Water contents of the samples were determined using a Coulometric Karl Fischer titrator (C30X Coulometer equipped with a generator cell without diaphragm, Mettler Toledo, UK), which measures water contents to 0.1 µg resolution. The titrator was calibrated using water standards (Karl Fischer Aqualine™ water standard, Fischer Scientific, UK) before it was used for the analysis. The measurements of the water contents of the samples were used to determine the effectiveness of the silica in removal of the reactively-formed water.
Kinetic model
Reaction kinetics for homogenous catalysis of triglyceride transesterification have been studied for acid (H 2 SO 4 ) and base (NaOBu) catalysts, where a pseudo first-order reaction was reported at 30:1 alcohol-to-oil molar ratio, and second-order at 6:1 alcohol to oil molar ratio [24] . Transesterification of soybean oil and methanol at 6:1 of methanol to oil molar ratio using NaOH catalyst was reported to be initially mass transfer-controlled, followed by a kinetically controlled second-order reaction [25] . Methanolysis of palm oil at 6:1 molar ratio in the presence of KOH catalyst also has been shown to be secondorder initially, followed by pseudo-first or zero-order kinetics [26] . However, it has been generally accepted that triglyceride transesterification occurs via three consecutive steps [27] , as shown in Eq. 3-5, where: MA is methanol, TG is triglyceride, DG is diglyceride, MG is monoglyceride, and GL is glycerol. The overall reaction is shown in Eq. 6.
Overall reaction
Kinetic rate expressions for the triglyceride transesterification [28, 29] are shown in Eq. 7-12 below, where r A is the rate of formation of species A (mol‧L (10)
In a reactive coupling process, the kinetic rate expressions must be modified, due to the reaction of MG with acetone in Eq. 13 and reactions of glycerol with acetone shown in Eq. 14, where AC is acetone, and FA-solketal is fatty acid solketal.
The kinetic rate expressions of solketal, acetone, water, MG and GL can be described as below in Eq. 15-19.
Numerical simulations of the reaction kinetics was done using MATLAB ODE45 solver, based on Eq. 7-12 and Eq. [15] [16] [17] [18] [19] , to obtain a model for the in situ reactive coupling of glycerol acetalisation to triglyceride transesterification. The initial rate constants used for the numerical modelling were obtained from an existing study for a vegetable oil transesterification [28] , coupled with values determined from preliminary experiments between pure glycerol and solketal in the presence of DBSA catalyst. The model adjusts the initial rate constants to minimise the sum of squared errors (SSE < 0.05) between the experimental and the model predictions. The actual rate constants for the reactions were the computed k values that give best fit to the experimental data at minimised SSE [28] . The model was applied to predict the effects of catalyst concentrations, reaction temperature and residence time, on conversions of RSO to FAME and solketal, and these were validated using experimental data. The experimental and numerical modelling approaches were combined to identify the reaction conditions necessary for high FAME and solketal yields.
Results and discussion
Effects of process parameters on
reactive coupling for FAME and solketal co-productions Table 1 shows the RSO conversions to solketal and FAME at various acetone molar ratios, residence time, and silica loading, and fixed conditions of 10:1 of methanol to oil molar ratio, 0.5 of catalyst to oil molar ratio and 50°C. The experimental data were analysed with Minitab 17, using the stepwise response surface method (box Behnken design), to evaluate the effects of the process conditions. The predictive models in Eq. 20 and Eq. 21 were generated from the experimental data for the conversions of the RSO to FAME and solketal respectively, where AMR is the acetone to RSO molar ratio, SL is the silica loading (wt%) based on the RSO, and t is the reaction time (h). The fit and the experimental data are shown in Figure 2 (R2 ≥ 0.99). The effects of acetone to RSO molar ratio, residence time, and silica loading (wt%) on FAME and solketal productivity are shown in Figure 3 . The contour plots in Figures 3a and 3b , show that 2:1 acetone to oil molar ratio was optimal value for both the FAME and solketal yields. The decrease in yield above this value was attributed to dilution of the reaction mixture by the excess acetone, which reduces reaction rates. Similar findings have been reported, where it was observed that large excesses of methanol and acetone could reduce the concentrations of glycerol, resulting in reduced reaction rates [20] . Silica gel was added as it can absorb water, so could remove the reactively-formed water, leading to higher solketal yields. As shown in Figures 3c and 3d , increasing the silica gel loading resulted in higher solketal yields, as expected.
However, further addition of silica gel above 50 wt% did not increase the solketal yields, indicating that 50 wt% of silica loading could absorb substantial amounts of the reactively-formed water from the reaction system. Table 2 clearly shows the activity of silica in removal of the reactively formed water, indicating that 50 wt% of silica can remove of up to 83% of water produced in the system. The silica gel loading had no effect on the FAME yields, as illustrated by the empirical model in Eq. 20. It was observed that less than 45% conversion of the reactivelyformed glycerol to solketal could be obtained even after 4 h reaction time using single-stage process. Complete online conversion of the glycerol produced from the RSO could not be achieved. This observation is consistent with an existing study which reported that even in acetalisation of pure glycerol, the acetalisation reaction is limited to 75-76% of solketal conversion by equilibrium [21] .
The one-stage and two-stage processes were compared at 7:1 of acetone to RSO molar ratio, 50⁰C, 8 h and 0.5 of DBSA to oil molar ratio (Figure 4) . The results showed that a 39.5 ± 5.1% solketal yield was obtained from the one-stage process, as compared to 82 ± 4% for the two-stage process where acetone was added after 4 h. The FAME yields were ≥98 for both one-stage and two-stage processes It was observed that 97% of the solketal formed was of the cyclic five-membered acetal form, whereas the cyclic six-membered acetal constituted the remaining 3%. The proportions of the five-and six-membered cyclic acetals in this study are consistent with other reports: 98% selectivity of a five-membered ring (2,2-dimethyl- [1, 3] dioxolan-4-yl) and 2% of six-membered ring (2,2-dimethyl- [1, 3] dioxolan-4-yl) [15, 30] . 
Kinetic model for reactive coupling of RSO transesterification with glycerol acetalisation
Based on the MATLAB model, the conditions required to achieve high solketal yields were identified. Figure 5 , below, shows the experimental data and the modelpredicted reaction profile, for the reactive coupling of biodiesel and solketal at acetone to rapeseed oil of 4:1 acetone molar ratio, 50°C, 10:1 of methanol to rapeseed oil molar ratio and 0.5 of catalyst to oil molar ratio. The model predictions (represented by dotted lines) closely match the experimental data (represented by data points). The rate constants for the reactive coupling reaction of RSO transesterification with in situ by-product glycerol acetalisation using DBSA catalyst at 50°C reaction temperature are shown in Table 3 . The rate constant for the DBSA catalyst was 163 times lower than the rate constant for base catalysis [28] , but base catalysis is of course unsuitable for solketal production. Therefore, the reaction rate for the DBSA catalyst was 24 times higher than the sulphuric acid with reported rate of 4000 times less than base catalysts [31] . This has been attributed to the surfactant ability of the DBSA catalyst [22] .
The equilibrium rate constants (K eq ) in Table 3 were obtained from the experimental rate constants and theoretically based on Gibbs free energy (ΔG). The theoretical K eq were calculated using Eq. 22 and Eq. 23, where ΔH is the enthalpy of formation, ΔS is the entropy of formation, R is the universal gas constant, and T is the reaction temperature in Kelvin. The value of ΔH and ΔS of each compound were obtained from existing studies [15, 32, 33] . Table 3 shows that the experimental K eq were substantially higher that the theoretical values from Gibbs free energies, except for the glycerol reaction with acetone. This could be attributed to the continuous removal of glycerol from the reaction mixture, which favours the forward reaction according to Le Chatelier's principle. The continuous removal of glycerol by-product indicates that reactive coupling could potentially allow for reductions in the amount of methanol required for biodiesel productions. There was no enhancement in the K eq for the solketal formation, indicating that this reaction is limited by thermodynamic equilibrium". Figure 6 shows the RSO conversions to FAME and solketal for the two-stage process at the optimal process conditions determined from the DoE. This two-stage reactive coupling process was intended to maximise both the FAME and solketal yields. In the two-stage process, the RSO transesterification was allowed to reach complete conversion to achieve high glycerol concentration in the first stage, followed by addition of the required amount of acetone. It was observed that high solketal yield (82%) was achieved after 4 h reaction time (from adding acetone) or 8 h (total reaction time) ( Figure 6 ) at 7:1 of acetone to oil molar ratio, which compares well with solketal yields reported elsewhere, when only using pure glycerol as reactant [30, 34] . These results clearly demonstrated that adding acetone in the second stage (when high content of glycerol is formed) can lead to improve solketal yield compared to one-stage process. The experimental data for two-stage processes were used to validate the kinetic model predictions, and it was observed that there is a high agreement between them, indicating the reliability of the model as shown in Figure 6 .
Validation of the kinetic model for reactive coupling of RSO transesterification
Conclusions
A novel process for combining triglyceride transesterification to FAME and in situ acetalisation of its glycerol by-product to solketal is reported. The aim of the study was to minimise or prevent co-production of crude glycerol, whilst maximising the solketal yield, to improve the economics of biodiesel production. A parametric study of the reactive coupling process was performed using DoE, to investigate the reaction parameters at acetone to glycerol (oil) molar ratio of 2:1 to 10:1; residence time of 1-4 h; and silica gel loading of 0 to 100 wt% based on the RSO. A two-stage process with delayed introduction of some of the acetone was also studied.
It was observed that silica loading had no effect on the FAME yield, but did increase the solketal yield, as it removes the reactively-formed water from the system by up to 83 %, thereby pushing the equilibrium towards higher glycerol to solketal conversion. Higher solketal yields were achieved using the two-stage process, with 82 ± 4% solketal yield, as compared to 39.5 ± 5.1% solketal yield for the one-stage. The one-stage and twostage processes achieved (≥98%) FAME yields. Although acetone is required for the acetalisation of the glycerol, the excess acetone reduces rates of production of both biodiesel and solketal, due to dilution. This study also established a kinetic model for the reactive coupling of RSO transesterification and glycerol conversions to solketal. This model was validated using experimental data, and was successfully used to predict both FAME and solketal yields.
